The effect on fi sh reproduction of fi nal treated effl uent from a thermomechanical pulp mill in Saint John, New Brunswick, Canada, was studied using mummichog (Fundulus heteroclitus), an endemic fi sh species of the Atlantic coast of North America. A 1997 artifi cial stream study at the same mill showed a reduction in gonad sizes in mummichog after a 28-day exposure to 3% fi nal treated effl uent. In 2005, we reevaluated fi nal treated effl uent, and conducted a toxicity source evaluation to identity waste stream sources within the mill that may cause reproductive effects. Relative to reference, no signifi cant differences in gonad size, plasma levels of gonadal sex steroids, egg production, or stage of egg development were observed in fi sh exposed to 1, 3, 10, 30, and 100% fi nal treated effl uent or in-mill waste streams. Unlike the previous study in 1997, these data indicate a low potential for an effect of fi nal effl uent on fi sh reproduction. Since the 1997 study there were no major process changes that could explain the differences in the results. However, there was high variability in gonad size, egg production, and endocrine endpoints measured in the more recent test, which resulted in low power to detect differences. This has prompted research to refi ne the current reproductive test by optimizing study design.
Introduction
Fish exposed to pulp mill effl uents in both fi eld and laboratory studies have shown alterations in their reproductive performance, including reduced gonad size (Munkittrick et al. 1992; Parrott et al. 2004) , reduced egg production (Parrott et al. 2004; Rickwood et al. 2006) , delays in maturation (Munkittrick et al. 1992) , male-biased sex ratios (Larsson et al. 2000; Örn et al. 2006) , masculinization of females (Larsson and Förlin 2002; Ellis et al. 2003) , reduced development of secondary sexual characteristics (McMaster et al. 1991) , and depressed steroid hormone levels (Munkittrick et al. 1992; Dubé and MacLatchy 2000) .
Most studies on reproductive effects in fi sh have been conducted at bleached kraft mills (BKMs), but 40% of all mills located in Canada are thermomechanical pulp (TMP) mills and their effl uents have also been linked to reproductive effects (Munkittrick et al. 1994) . In Cycles 2 and 3 of the Canadian Environmental Effects Monitoring (EEM) program, two of the 10 mills with >15% reductions in gonad size were TMP mills; two additional TMP mills had >25% reductions in at least one of the cycles (Dr. R. Lowell, Environment Canada, personal communication) . In addition to effects on gonad size, TMP effl uents have been linked to other effects on fi sh reproduction. Embryonic sex ratios in the eelpout (Zoarces viviparus) collected in the fi eld were signifi cantly biased towards males when exposed to TMP effl uent (Larsson et al. 2000) . Kovacs et al. (2005) found signifi cantly increased levels of 17β-estradiol in female fathead minnow (Pimephales promelas) when exposed under laboratory conditions to 20% fi nal effl uent of a TMP mill.
However, not all mills show impacts on fi sh and the chemicals responsible for the effects of fi nal effl uent on reproductive endpoints are unknown (Hewitt et al. 2005) . The current study focuses on determining the source of contaminants affecting reproduction, arising from a representative TMP mill with biotreated effl uent. In TMP mills, mechanical processes use steam to soften chips and pressure to refi ne them, producing a very high yield product, with 85 to 95% of the original wood components in the fi nal pulp, including lignin. Because less lignin-like material ends up in the effl uent (a hypothesized source of reproductively-active compounds; Belknap et al. [2006] ), identifi cation of similar or different effects from effl uent from TMP and BKM processes could aid in the identifi cation of causative substances and development of mitigating solutions.
Investigation of Cause (IOC) can be a powerful tool to determine possible sources of effects on the environment and to fi nd solutions to minimize impact, which has been demonstrated at a BKM also located in Saint John, New Brunswick, Canada (Hewitt et al. 2002 (Hewitt et al. , 2005 . A study in 1997 on a TMP mill located in Saint John, New Brunswick, showed a signifi cant decrease in gonad size of mummichog (Fundulus heteroclitus) exposed for 28 days to 3% fi nal-treated TMP effl uent in an artifi cial stream ; this was the starting point for this IOC study. Our objective is to examine the fi nal treated effl uent and in-mill waste streams, to determine whether reproductive effects persist at this mill, and, if they do, the source of the reproductive effects.
Materials and Methods

Fish Holding
The mummichog is an abundant minnow found in estuaries along the Atlantic coast of North America from Newfoundland (Canada) to Florida (U.S.A.) (Scott and Crossman 1998). It is used as an environmentally-relevant species to study toxicological, genetic, and physiological effects of anthropogenic inputs into saltwater and estuarine environments (Burnett et al. 2007 ). Short-term reproductive tests have been developed for mummichog measuring reproductive and endocrine responses Peters et al. 2007 ). Adult mummichog were collected by seining reference sites in Shediac, New Brunswick, Canada (46º20'N, 64º40'W) in the spring (Experiment I) and fall (Experiments II and III) of 2006. Fish were acclimated to laboratory conditions at the University of New Brunswick, Saint John, New Brunswick. Fish were held at 16‰ salinity (fi ltered Bay of Fundy sea water and dechlorinated City of Saint John water) at ambient temperatures and natural photoperiod in fi ltered fi berglass circular tanks with dissolved oxygen (DO) at >80%. The fi sh were fed commercial crushed trout pellets (Corey Feed Mills, Fredericton, N.B.) ad libitum every day. As per our usual holding conditions, mortalities were minimal in the stock tanks (<5%).
Description of Mill and Waste Streams
The mill is located in Saint John, New Brunswick, Canada, and is an integrated TMP and paper mill. The TMP facility uses softwood furnish (90% black spruce [Picea mariana] and 10% balsam fi r [Abies balsamea]). In 2005, the mill consumed 795 air dry tonnes (ADT)/d of chips and produced 740 ADT/d of bleached (single stage peroxide) pulp for the paper machines (product yield is 93%). The total paper produced was 1,150 ADT/d (using 64% TMP pulp, 20% clay, and 16% offsite BKM pulp). On a daily basis, about 33,000 m 3 of secondary-treated fi nal mill effl uent is discharged into Courtenay Bay, Bay of Fundy. The fi nal effl uent is composed of two main waste streams: the total pulp mill (TPUM) and total paper mill (TPAM) effl uents. The two main waste streams are combined before the primary clarifi er, where 85% of the total suspended solids and 10 to 15% of the biological oxygen demand (BOD) are removed. The treated effl uent is then biotreated in the aeration stabilization basin (ASB) where it is held for 17 days prior to discharge.
The TPUM is made up of four streams ( Fig. 1 ): i) clear white water (30% of total mill volume and 83% of total BOD); ii) chip wash water (low fl ow); iii) bleach pressate (occasionally operated, with high BOD but very Fig. 1 . Waste streams at the Irving Paper, Ltd. thermomechanical pulp mill. Percentages next to in-mill waste streams indicate concentrations used in Experiments I-II (PM = paper mill; ASB = aeration stabilization basin). Concentrations of fi nal effl uent used in Experiments I to III are noted, with Final 3% being the environmentally-relevant concentration. PPC = post primary clarifi er effl uent; UM = untreated mill effl uent. low fl ows); and iv) refi ner pressate (high BOD, very low fl ow). The TPAM is made out of two waste streams ( Fig.  1 ): i) waste stream of paper machine #1 (3% BOD and 30% of total fl ow); and ii) waste stream of paper machine #2 (14% BOD and 30% of total fl ow).
Experiments
The goal in Experiments I and II was to confi rm the effect of fi nal effl uent on fi sh reproduction (Level 1 in IOC; Hewitt et al. 2003) and to start the identifi cation of the source in the mill for the effects (Level 2 in IOC; Hewitt et al. 2003) . In all experiments, fi sh were randomly assigned to experimental tanks. In Experiment I, fi sh were exposed to 3% (concentration used in Dubé et al. [2002] ) and 100% fi nal treated effl uent. In the second experiment, a concentration-response study was used for fi nal effl uent (1, 10, and 100% fi nal effl uent). In-mill waste stream exposure concentrations in both Experiments I and II were chosen based on an initial 10-day exposure of mummichog to a range of concentrations; a twofold lower concentration than the lowest concentration with direct lethal effect on the fi sh was used (data not shown).
There was relatively low power to detect differences in Experiments I and II. To address this issue and to get a fi nal confi rmation of "no effect," the sample size was increased (based on control data of previous experiments) and fi sh were exposed to 30% fi nal effl uent (a tenfold higher level compared with Dubé et al. [2002] ) in Experiment III.
Endpoints measured in each experiment were gonad weight (0.001 g) relative to body weight [expressed as gonadal somatic index (GSI); (gonad wt/body wt)×100], liver weight relative to body weight [expressed as liver somatic index (LSI); (liver wt/body wt ×100)], total body weight relative to body length [expressed as condition factor; (CF); (body wt/standard length 3 )×100)]. In Experiments I and III, sex steroid levels were measured, in Experiments II and III egg production per female was determined. Additional endpoints are discussed per experiment below.
Experiment I: short-term bioassay with activelyreproducing fi sh. Mummichog were exposed in August 2006 in a standardized short-term bioassay to six different waste streams (n = 3 tanks per treatment; 5 fi sh per tank) and to control water (n = 6; 5 fi sh per tank). Three females and two males per tank were exposed for 14 days in 20-L aquaria, >80% DO, 16‰ salinity, ambient temperatures (20°C), and natural photoperiod (16 h:8 h light/dark). For the Final 100% treatment, salt (Crystal Sea, CS 150BA Bioassay Laboratory Mixture, Baltimore, Md., U.S.A.) was added to the effl uent to reach a salinity of 16‰. Flow rates were constant at two turnovers per day; effl uent was delivered via peristaltic pumps. Directly following the 14-day exposure, fi sh were sampled prior to the full moon, which was thought to be the peak reproductive period (Taylor 1984) . Egg development was determined by the number of mature eggs; as per our usual laboratory protocol, if less than 45 mature eggs were present in the gonad, the gonads were labelled immature.
Experiment II: adult reproductive test, sexes separate during recrudescence. The experiment was conducted in March and April 2007 with artifi cially recrudesced fi sh (fi sh were held at 4°C for 8 weeks as described in MacLatchy et al. 2003) . Mummichog were exposed in the adult reproductive test (Peters et al. 2007 ) to seven different waste streams (n = 3 tanks per treatment; 6 fi sh per tank) and to control water (n = 6; 6 fi sh per tank) (Fig. 1) . During the fi rst 19 days of exposure, male and female fi sh were kept separated. Half of the fi sh were randomly removed from the tanks for sampling two days prior to the full moon, while the other fi sh were combined for a six-day breeding trial. Within each aquarium, a mesh screen (3.175-mm plastic mesh screening, Aquatic Ecosystems, Apopka, Fla., U.S.A.), was placed on the bottom of the aquarium to prevent the fi sh from eating the eggs. Flow rates were constant at two turnovers a day; effl uent was delivered via peristaltic pumps. During the exposure, fi sh were held in 20-L aquaria, >80% DO, 16‰ salinity, ambient temperatures (14 o C), and summer photoperiod (16 h:8 h light/dark).
Fertilized eggs were placed in Petri dishes at a maximum 30 eggs per dish and held in 50 mL of 16‰ water in the same treatment as their parents. Petri dishes were placed under 60 W lamps to keep them warm. Days until hatch, number of eggs hatched, and length at hatch (using a dissection microscope [0.1 mm]) were recorded. After hatching, the larvae of Control and Final 100% were maintained for four months to monitor their growth over time (once a month) and survival (once a month). Because of low numbers, no larvae from other treatments were held past hatching. Larvae were placed in glass beakers in 200 mL of 16‰ water in the same treatment as their parents (maximum of 30 juveniles per beaker) for a period of two weeks. After two weeks, the juveniles were moved into 20-L glass aquaria of 16‰ water in the same treatment as their parents. Fresh water (1 L) was added every day, and every week aquaria were completely refreshed. Larvae were fed live newly hatched Artemia sp. nauplii (Bohai Bay Salt Ponds Artemia Cysts, Aquatic Ecosystems) enriched with Roti-rich (Aquatic Ecosystems) twice daily (1 mL of concentrated Artemia per L of water) and fry food (Rolf C. Hagen, Montreal, Que., Canada) to satiation once daily for 14 weeks.
Experiment III: adult reproductive test, sexes combined during recrudescence. Naturally recrudesced mummichog (2 fi sh/sex/tank) were placed in glass aquaria with a mesh screen at the bottom under similar experimental conditions as in the previous two experiments. The fi sh were exposed to control water and 30% fi nal effl uent (n = 10 tanks per treatment; 4 fi sh per tank) for 26 days.
Flow rates were constant at two turnovers a day and eggs were collected every two days. During the exposure, fi sh were held in 20-L aquaria, >80% DO, 16‰ salinity, ambient temperatures (20°C), and summer photoperiod (16 h:8 h light/dark).
Fish Sampling and Reproductive Endocrine Endpoints
At sampling, fi sh were anesthetized using buffered 0.05% tricaine methane sulfonate (TMS; Syndel Laboratories, Vancouver, B.C., Canada), and measurements of weight (0.01 g) and standard length (mm) were taken. Blood samples were collected from the caudal vasculature with heparinized needles and syringes (26 3/8 gauge needles on 1-mL syringes). Blood was mixed upon collection with aprotinin (1 KIU/μL) to prevent protease activity and then centrifuged (2,400 × g at 4°C) for 18 to 20 min to isolate plasma . Plasma was stored at −20°C for steroid measurement by radioimmunoassay (RIA). After killing the fi sh by spinal severance, gonad and liver tissue were dissected and weighed to determine GSI, LSI, and CF.
Radioimmunoassay for Steroids
An RIA was used to measure the concentrations of testosterone (T), 17β-estradiol (E 2 ), and 11-ketotestosterone (11-KT) in the plasma using a standardized protocol modifi ed to be more precise for small plasma volumes typically collected from the mummichog (20 to 50 μL) . Interassay variability was 7.0% for T and 4.8% for E 2 . Intra-assay variability for each steroid was approximately 3 to 5% and minimum detectable steroid concentrations were 6 to 12 pg/mL. Antibodies for T and E 2 were purchased from Medicorp (Montreal, Que.), radiolabelled T and E 2 were obtained from Amersham Pharmacia Biotech (Baie D'Urfe, Que.), and unlabelled T and E 2 were from Sigma-Aldrich (Oakville, Ont.). 11-KT antibody was from Helix Biotech (Vancouver, B.C.), radiolabelled 11-KT was from Dr. Timothy Gross (University of Florida, Gainesville, FL), and unlabelled 11-KT was from Steraloids (Wilton, N.J., U.S.A.).
Statistics
Statistical analyses were conducted using Statistica 9.0 (SPSS, Chicago, Ill., U.S.A.), with α set at 0.05. All data are reported as mean ± standard error of mean (SEM). After standard QA/QC, the data were checked for outliers using Dixon's outlier test. Log 10 transformations were applied to all data, with the exception of percent data, which were transformed by an arcsin transformation. Assumptions of normality and homogeneity of variance were checked using Shapiro-Wilk's W-test and Levene's test, respectively. When an analysis of covariance (ANCOVA) was used, homogeneity of slopes was checked prior to running the analyses. If a signifi cant interaction in slopes was detected, analyses were stopped. When analyzing gonad and liver weight relative to body weight, and body weight relative to body length, ANCOVAs were used with fi sh as replicates. Nested analyses of variance (ANOVA) were used when comparing body length, body weight, and hormone levels (fi sh nested in tanks within treatments). Total cumulative egg production per female, days to hatch, percent hatched, growth over time, and percent survival were analyzed using an ANOVA (tanks or Petri dishes as replicates). Differences in egg development were assessed using the Fisher's exact test.
For Experiments I and III, individual treatments were compared with Control. In Experiment II, the in-mill waste streams were individually compared with Control, while the true concentration series of fi nal treated effl uent were analyzed together, followed by a least signifi cance difference, or LSD, post hoc test if required.
Results
Experiment I: Short-Term Bioassay with Actively Reproducing Fish
Following 14 days of exposure to fi nal effl uent and the main waste streams, mummichog showed no signifi cant differences in length and weight (nested ANOVA, p > 0.05; Table 1 ) and overall survival per treatment was >90%. There was a signifi cant interaction in slopes for female CF when comparing Final 100% to Control (ANCOVA, p = 0.035; Table 1 ). No signifi cant difference in CF for males was found, and no signifi cant differences were found in LSI and GSI for either sex (ANCOVA, p > 0.05; Table 1 ). Of males exposed to post primary clarifi er effl uent (PPC), 12.5% showed a signifi cant increase in levels of T (nested ANOVA: p = 0.036) ( Table 2) . No signifi cant differences in plasma hormone levels of other treatments compared with Control were observed (nested ANOVA, p > 0.05; Table 2 ). No signifi cant difference was observed in egg development between the Control group and the different treatments (Fisher's exact test, p > 0.05; Table 3 ).
Experiment II: Adult Reproductive Test, Sexes Separate During Recrudescence
Using artifi cially regressed fi sh, overall survival per treatment in this experiment was >90%, with the exception of PPC 12.5% (mortality of 22%), which indicates that this test concentration was causing acute lethality. No signifi cant differences in length, weight, LSI, and GSI among treatments were observed when males and females were separated prior to combination in the exposure (Table 4) . A signifi cantly lower CF in separated females was found in TPAM 12.5% after 19 days of exposure (ANCOVA, p = 0.026) ( Table 4) .
No signifi cant differences in length, weight, LSI, and GSI among treatments were observed after combination of males and females in the reproductive test (Table 4) . The CF of combined males exposed to TPAM 12.5% was signifi cantly higher compared with that of Control males (ANCOVA, p = 0.036; Table 4 ).
There was large variation in daily egg production per female in all treatments (data not shown). No signifi cant differences in cumulative egg production per female were found after six days (ANOVA, p > 0.05; Table 5 ). Overall, the percentage of eggs that hatched was low (between 15 and 40%; Fig. 2 ). Signifi cantly more eggs hatched in Final 100% effl uent compared with Final 1%, Final 10%, and Control treatments (ANOVA, p < 0.05; Fig. 2 ). There were no signifi cant differences in time to hatch between the treatments and Control (ANOVA, p > 0.05; days to hatch Control: 25.2 ± 0.18; other data not shown). Length of Control fi sh (5.68 mm ± 0.06) was signifi cantly longer at hatch than Final 10% (5.39 ± 0.09) and Final 100% (5.47 ± 0.08) (ANOVA, p = 0.018), but there were no differences in average length at hatch when exposed to in-mill waste streams (p > 0.05). Juveniles exposed to Final 100% effl uent were signifi cantly larger compared with fi sh exposed to control water after 1, 2, 3, 4, and 5 months (ANOVA, p < 0.001; Fig. 3 ), but there were no signifi cant differences in survival between juveniles exposed to Final 100% effl uent and control water (p > 0.05; data not shown). 
Experiment III: Adult Reproductive Test, Sexes Combined During Recrudescence
With sexes combined during recrudescence, there were no signifi cant differences in weight, length, GSI, LSI, and CF (Table 6 ). Survival of fi sh in the experiment was >95%. There were no signifi cant differences in T levels (ng/ml) in males (Control, 3.24 ± 0.69; Final 30%, 2.63 ± 0.52) nor E 2 (ng/ml) in females (Control, 0.33 ± 0.11; Final 30%, 0.27 ± 0.07) (nested ANOVA, p > 0.05). T levels in females and 11-KT levels in males were below the detection limit. The cumulative egg production per female showed no signifi cant difference between Control and Final 30% (ANOVA, p > 0.05) (Fig. 4) .
Discussion
The three experiments conducted in this study showed no effects of fi nal treated effl uent on mummichog reproductive endpoints (GSI, plasma reproductive hormone levels, and egg production). These results were unexpected because fi sh were exposed to a concentration substantially higher than the environmentally-relevant concentration of fi nal treated effl uent, which caused signifi cantly smaller gonads in an artifi cial stream study Fig. 4 . Cumulative egg production (± SEM) per female mummichog exposed to control water and 30% fi nal effl uent of a thermomechanical pulp mill in Experiment III. in 1997 . Another recent study in our laboratory on fathead minnow exposed to 30 and 100% fi nal effl uent of a BKM showed a decrease in size at hatch, while fi sh exposed to 1% fi nal effl uent showed increased size at hatch (Melvin et al. 2009) . A decrease in size at hatch might result in higher predation risks; winter fl ounder (Calliopius laeviusculus) larvae showed a lengthdependent relation between speed and distance traveled in response to predators (Williams and Brown 1992) . A slower, weak escape response was observed in walleye pollock (Theragra chalcogramma) that were smaller and early to hatch (Porter and Bailey 2007). Further research is needed to see how size at hatch affects survival chances of fi sh exposed to pulp mill effl uent. Finally, in our study, fi sh in control water had a slower growth rate compared with fi sh in Final 100% (Fig. 3) . This difference might be due to higher nutrient load of the effl uent, although juveniles in both treatments were fed twice a day.
During our study of fi nal treated effl uent on reproductive endpoints, we simultaneously evaluated the major in-mill process streams that comprise combined effl uent, following IOC frameworks (Hewitt et al. 2003 (Hewitt et al. , 2005 . As previously mentioned, no confi rmation was found for the effect of fi nal effl uent on reproduction, and our investigation of in-mill waste streams showed little indication of effects. In particular, the UM 3% (untreated mill effl uent) (Fig. 1) showed no impacts on GSI, LSI, CF, hormone levels, egg development, or egg production.
Changes in processes that are often associated with improved reproductive performance include reduced use of molecular chlorine, improved condensate handling, and liquor spill control at kraft mills (Hewitt et al. 2008) . For example, a laboratory study in which fathead minnows were exposed to BKM effl uent showed effects on maturation, egg production, and gender, with the threshold for effects on spawning and reproduction estimated at 1.7% effl uent concentration (Kovacs et al. 1995) . After a series of process changes at the mill, which included increasing ClO 2 concentrations from 40 to 100%, increased recycling of foul condensates, and dredging of the secondary treatment ponds, no effect on reproduction was found at concentrations up to 20% effl uent (Kovacs et al. 1996) . At the TMP mill investigated in the present study, there have been no known major process changes in the pulp mill (R. Glasgow, Irving Paper, Ltd., personal communication) since the study which reported effects in 1997 . Changes that did occur include a switch to production of higher quality paper, which resulted in relatively more kraft pulp being imported from another mill and less TMP produced at this mill from 1999 onwards (Table 7) . Increased aeration capacity was added to the ASB in 1998 (Table 7) . It is unclear whether the effl uent quality, in regard to reproductive effects in fi sh, would change substantially based on these and other modifi cations which have been made at the mill since 1997 ( Table 7) . The general chemical characteristics of the fi nal effl uent were similar between the initial and current study, with the exception of the chemical oxygen demand, which was lower in the current study (Table 8) .
Next to changes in the quality of the effl uent, the differences in results between this study and the previous study by Dubé et al. (2002) might be caused by differences in study design. In the 1997 study, an artifi cial stream design was used, in which water was directly pumped out of Courtenay Bay (Bay of Fundy, Canada) into the artifi cial stream for control water and the dilution of effl uents. In the current study, fi sh were kept in 20-L aquaria, and laboratory water was used for control water and the dilution of effl uents (dechlorinated city water and fi ltered salt water). The number of treatment turnovers was higher in the 1997 study compared with our current studies (nine and two turnovers, respectively). Due to high costs it was not feasible to repeat the experiment with the same artifi cial stream (mesocosm) setup as in 1997. Since the duration of the fi rst experiment was shorter (14 days) than in the original 1997 study (28 days), we increased the exposure period to 25 and 26 days in Experiments II and III, respectively, and no effects were noted. This strongly suggests that the effl uent composition has changed suffi ciently such that it no longer causes effects on mummichog reproduction.
An overall observation in our study was the high variance when measuring reproductive endpoints. For example, in Experiment III, which was carried out at the same time of year as Dubé et al. (2002) , we found a nonsignifi cant increase (approximately 23%) in female GSI size when exposing the fi sh to 30% fi nal effl uent (Table 6) . Dubé et al. (2002) found a signifi cant decrease (approximately 20%) in gonad size when fi sh were exposed to 3% fi nal treated effl uent. Female gonad size in Experiment III ranged from 1 to 19% (data not shown), and hormone levels were low compared with Experiment I. The high variance in GSI might be because the fi sh used in Experiment III were at the end of their spawning cycle, as egg production per day decreased during the experimental period (Fig. 4) .
Because of the high variance in the endpoints, we have determined that the experimental design had inadequate power to detect differences in our experiments (Fig.  5) . Only four out of 19 times (with β = 0.2) was there enough power to detect a difference of 25% (the critical effect size for GSI in the regulatory EEM program which triggers IOC studies; Environment Canada 2005) between treatments. Low power was especially problematic when determining plasma hormone levels in both males and females. For example, a sample size of 207 fi sh would have been needed to detect a difference of 25% in E 2 levels in Experiment II, while only 18 fi sh were used. When there is low power, there is an increased probability of committing a type II error; that is, indicating there is no effect of the treatment when one actually exists.
In Experiment III, we increased sample size and the duration of the egg collection period to reduce the variance in cumulative egg production. As population viability is controlled by the number of offspring over the lifespan of a female (Gurney 2006) , egg production is a more direct indicator of reproductive success compared with GSI or steroid levels. With the adjustments in Experiment III, our power increased to 97% to detect a 25% difference between treatments. This indicates the importance of adequate replication and duration of the experiment. We are currently further refi ning the protocol by optimizing analytical methods and study design in order to minimize variance and increase power in the mummichog adult reproductive test.
We conclude that, based on our current study, there is limited potential for this mill to negatively affect reproductive endpoints (GSI, plasma reproductive hormone levels, and egg production) in mummichog. We have also demonstrated that continued efforts to refi ne both the short-term bioassay and adult reproductive test (Peters et al. 2007 ) are important, so as to increase the power of these protocols. Several studies are underway to optimize analytical methods and study design, which will strengthen the ability to use the mummichog reproductive test in environmental monitoring and IOC studies.
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